Dioxins are known to affect infant growth and neurodevelopment in both humans and animals. In this study, we examined the relationship between neonatal head circumference, which is related to fetal brain development, and the concentration of dioxins in breast milk as an indicator of maternal exposure. A total of 42 milk samples were obtained on the fifth to eighth postpartum day from mothers in Japan exposed to dioxins in the environment. The levels of seven dioxins and 10 furan isomers were measured in each milk sample using an HR-GC/MS system. The relationships between the concentration of each dioxin isomer and newborn size, including head circumference, were then investigated after adjustment for confounding factors. The concentration of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), the most toxic dioxin isomer, negatively correlated with newborn head circumference, even after adjustment for gestational age, infant sex, parity and other confounding factors. However, there were no significant relationships between the concentration of other dioxin and furan isomers in maternal breast milk and infant height, weight and chest circumference at birth. These facts suggested that fetal brain development might be influenced by maternal exposure to TCDD in the environment.
Introduction
is the most toxic isomer of the dioxins and related compounds, and several animal studies have demonstrated that maternal exposure to TCDD affects fetal development, producing symptoms such as reducing litter size and birth weight (Mably et al., 1992; Bjerke and Peterson, 1994) . Recently, perinatal exposure to TCDD at low doses has been suggested to affect neurodevelopment, and to induce neuro-behavioral alteration in the offspring of rats (Seo et al., 1999; Markowski et al., 2002) .
In humans, effects of maternal exposure to TCDD and related compounds on fetal growth and infant neurodevelopment have been suggested in subjects accidentally exposed to high levels of polychlorinated biphenyls (PCBs) and polychlorinated dibenzo-p-dioxins (PCDDs)/polychlorinated dibenzo-furans (PCDFs), and in women with a high dietary intake of fish contaminated with PCDDs/PCDFs. For example, low birth weight (Rogan et al., 1988 ) and delayed cognitive development (Chen et al., 1992) were observed in Yu-Cheng children born of mothers exposed to very high levels of PCBs and PCDDs/PCDFs from contaminated cooking oil. In Sweden, infants born to fishermen's wives who consumed contaminated fish had lower birth weight than infants in a different regional cohort with less contamination (Rylander et al., 1995) . However, the relationships between individual biological measurements of exposure and birth weight were not clarified, and head circumference was not used as an index of fetal growth in these surveys. In a Dutch population-based study with the background level of exposure, Patandin et al. (1998) showed inverse association of cord/maternal plasma PCBs with birth weight and growth rate, including head circumference, from 0 to 3 months of age, but they did not investigate the relationship between maternal TCDDs/TCDFs levels and newborn size. At that time, dioxins in breast milk were quantified as the dioxin toxic equivalent (TEQ), which was then multiplied by the duration, in weeks, of breast feeding to obtain an index of postnatal exposure.
Recently, in a Japanese cohort exposed to background levels of dioxins, negative association was found between several dioxin isomers in maternal plasma and the mental development score of their 6-month-old infants, suggesting the importance of analysis of each isomer to detect adverse health effects of dioxins (Nakajima et al., 2006) .
Based on these findings, we examined the relationship between newborn size at birth, including infant head circumference, which may reflect central nervous system development, and dioxins isomers in maternal breast milk as an indicator of maternal exposure in the environment.
Methods

Subjects
Forty-two women, who comprised 42.4% of all women who delivered their infants at a gestational age of more than 30 weeks at Toyama University Hospital, Japan, during a 6-month period, and their newborns, were included in this study. Mothers who had enough breast milk to provide samples after breast-feeding, and who were interested in the level of dioxin in their own breast milk, were recruited. Table 1 shows the age, height, weight and BMI before pregnancy and at gestational weeks 30-32, and the smoking habit and alcohol consumption before and during pregnancy, of the participants. Of the 42 subjects, 30 (71%) were housewives and had mainly been office workers before marriage, while the others had been teachers, nurses and pharmacists, without any occupational history of pesticide exposure. No significantly different characteristics related to socioeconomic status, nutrition and health management were observed among the subjects. They were not selected with regard to prenatal or intrapartum medical problems. The gestational age and body build of the infants at birth are also shown in Table 1 . There were no significant differences in gestational age and birth weight between the infants who participated in the present study and those who did not. Informed consent was obtained from the subjects in the appropriate manner, and the study was approved by the institutional ethics board for epidemiological studies at Kanazawa Medical University.
Data Collection
Information regarding parity, clinical history of this pregnancy, height, weight before pregnancy and at 30-32 gestational weeks, smoking habit, alcohol consumption, dietary habits and occupational history were obtained via a questionnaire filled by the study subjects themselves, and confirmed by maternity nurses, during each subject's hospital stay after delivery. Breast milk samples were collected into polypropylene tubes on the fifth postpartum day or eighth day in cases with delayed milk excretion because of cesarean section. The milk samples were frozen and stored at À201C until analysis.
Analysis of Dioxin Levels (seven PCDD and 10 PCDF Isomers)
The fat content in breast milk was determined by the method reported by Patterson et al. (1987) . After fat extraction from 10 g of breast milk, 13 C-2,3,7,8-substituted PCDDs/PCDFs as internal standards were added to the fat extract. A series of purification operations consisting of alkali digestion, hexane extraction and chromatography, on both a multi-layered column of silica gel and a single-layer column of activated carbon dispersed on silica gel, were performed to separate and collect PCDDs/PCDFs by the methods described in our previous paper (Tawara et al., 2003) . The final extract was concentrated by evaporation to 20 ml and analyzed by gas chromatography coupled to high-resolution mass spectrometry (HRMS, HR-GC/MS; MA Station-JMS700, JEOL, Japan), operating at a resolution of 10,000 in the selected ion monitoring (SIM) method. The gas chromatograph (HP-6980) was mounted with a DB-5ms column (Agilent Technologies), and attached to the HRMS unit. The sensitivity of HRMS was as follows: a signal-noise ratio (S/N) of 3, detection limit of 0.3 pg/g fat and absolute measurement limit of 0.08 pg/g fat for 2,3,7,8-TCDD measurement. In addition to respective concentration of 17 isomers, TEQs of PCDDs, PCDFs and total dioxins were calculated for each sample, with reference to the international Table 1 . Population characteristics of 42 mother and infant pairs.
Mothers
Age ( 
Statistical Analysis
Simple correlation between PCDDs/PCDFs isomers in maternal breast milk and infant growth was tested by Spearman's coefficient analysis. Multiple regression analysis was used to compute the parameter estimate for predicting infant growth. Statistical significance was set at the Po0.05 level. These statistical analyses were all performed using the SPSS (version 11.0) software package.
Results
The mean concentrations per 1 g milk fat of the seven substituted PCDDs and the 10 PCDF isomers, and the TEQPCDDs, TEQ-PCDFs and TEQ-Total calculated with WHO-TEF in 1997 and in the breast milk samples are shown in Table 2 . 1,2,3,7,8-pentachlorodibenzo-p-dioxin (PeCDD) and 2,3,4,7,8-pentachlorodibenzo-furans (PeCDF), which had high TEQs, accounted for the high TEQ-PCDDs and TEQ-PCDFs in the present subjects. Geometrical means of PCDDs and TEQs in breast milk of primiparae were significantly higher than those of multiparae, except 2,3,7,8-TCDD. Among furan isomers, levels of 2, 3, 4, 7, 1, 2, 3, 4, 7, 1, 2, 3, 6, 7, 2, 3, 4, 6, 7, 8 -HpCDF in primiparae were significantly increased, as compared with those in multiparae (Table 2) . However, there were no significant difference in infant build, gestational weeks and clinical health conditions at birth between primiparae and multiparae.
To clarify the effects of these dioxins isomers on infant growth, correlation coefficients between levels of each isomer in breast milk and newborn size at birth were computed, and the results are shown in Table 3 . 2,3,7,8-TCDD showed inverse correlation with head circumference (r ¼ 0.424, Po0.01), without significant correlation to infant weight, height or chest circumference at birth (Table 3) , and decrease of head circumference in proportion to 2,3,7,8-TCDD in maternal breast milk is depicted in Figure 1 . Significant correlation between head circumference and 2,3,7,8-TCDD in breast milk was also observed in the subjects, excluding one mother-and-infant pair, whose milk showed the highest concentration of 2,3,7,8-TCDD, 4.23 pg/g fat (r ¼ 0.396, Po0.05). Furthermore, significant inverse correlation was found only between infant head circumference and 2,3,4,7,8-PeCDF in breast milk (r ¼ 0.319, Po0.05), and no significant relation was found between any isomer and weight, height and chest circumference (Table 3) . Although there were four cases of low-birth-weight babies (o2500 g) in the present subjects, means of 2,3,7,8-TCDD, 1,2,3,7,8-PeCDD and the TEQ-Total in breast milk of mothers whose baby had low birth weight were 1.62 pg/g lipid, 13.6 pg/g lipid and 10.9 TEQ/g lipid, respectively, and not higher than those in milk of other mothers. One case of premature delivery (o37 gestational weeks) was also included in these subjects, and the levels of 2,3,7,8-TCDD, 1,2,3,7,8-PeCDF and the TEQ-Total in this case were 2.16 pg/g lipid, 19.6 pg/g lipid and 24.7 TEQ/g lipid, respectively, which were among the higher values in the present subjects. However, there was no significant correlation between any dioxin and furan isomer in breast milk and gestational age.
An analysis using a multiple regression model was then performed to determine the correlation of each dioxin isomer to infant head circumference among 41 mother-and-infant pair, to control for maternal BMI at 30-32 gestational weeks, maternal age, parity and gestational age at birth. This is because the dioxin concentration in breast milk was related to parity of mothers in these subjects, and infant build is related to maternal build. At this time, smoking habit was not selected to be an explanatory factor, because of few smokers and no difference of head circumference between smokers including ex-smokers and non-smokers. Alcohol consumption was not related to head circumference. In addition, the factor of delivery affecting neonatal head shape, vaginal delivery/cesarean section, was not chosen as an explanatory factor, because of no significant difference of head circumference between newborns delivered vaginally or by cesarean section.
The concentration of 2,3,7,8-TCDD, the most toxic isomer, was negatively correlated to infant head circumference, even after adjustment for gestational age and other confounding factors (Table 4) . However, there were no significant associations between the concentration of 2,3,4,7,8-PeCDF and head circumference after adjustment for confounding factors (Table 4) .
Discussion
We have found that decreased infant head circumference at birth without decreased weight is associated with maternal exposure to 2,3,7,8-TCDD, after adjustment for confounding factors in Japanese mother-and-infant pairs living in the general environment. In addition to weight and height at birth, head circumference at birth is another parameter of fetal growth. However, it is also an index to estimate the brain weight of newborns (McLennan et al., 1983) , and can change independently of weight and height. Infant head circumference at birth can be affected by continuous smoking at the higher level throughout pregnancy (Lindley et al., 2000) , and nutritional status, such as n-3 polyunsaturated fatty acid and zinc intake, during pregnancy (Lagiou et al., 2005; Szajewska et al., 2006) . Therefore, the present results suggest that fetal brain development may be influenced during pregnancy by maternal exposure to dioxins, in particular 2,3,7,8-TCDD. However, only 2,3,7,8-TCDD showed significant inverse correlation to neonatal head circumference, after adjusting confounding factors, and we need a further study to conclude this issue. Moreover, all newborns' head circumference in the present study were within normal range, 31.2-35.8 cm in boys and 30.4-35.3 cm in girls, which were the third to ninety-seventh percentiles of Japanese neonatal head circumference in the national infant growth survey in 2000 (Ministry of Health, Labour and Welfare, 2001 ). Three boys with lower limit of head circumference, 31.2-31.5 cm, whose mothers showed high concentration of 2,3,7,8-TCDD in breast milk, 1.50-4.34 pg/ g lipid, had no observable clinical findings at birth such as drug abuse cases, and remained to be followed up in future for adverse effect on neurodevelopment. Only low birth weight was observed in the infants exposed to PCDDs/PCDFs (Rogan et al., 1988 , Rylander et al., 1995 , and no disproportionate effect on head has been reported in previous studies. However, disproportionately decreasing head circumference in relation to birth weight was observed in newborns whose mothers were heavily exposed to PCBs through contaminated fish in Lake Michigan (Fein et al., 1984) . This suggests that fish in this lake was contaminated not only by PCBs but also by 2,3,7,8-TCDD, which could not be detected in those days, and newborns' head circumference might be affected more than birth weight. Nakajima et al. (2006) reported that 1,2,3,4,7,8-HpCDD and total PCDD levels in maternal plasma during pregnancy were associated with decreased mental development score in 6-month-old infants in a Japanese cohort with distribution of dioxin isomers in breast milk quite similar to that in the present subjects. They showed inverse association between 2,3,7,8-TCDD and mental development score, but statistical significance was not reached in that study (P ¼ 0.083). This lack of significance was suspected to be due to the low level of 2,3,7,8-TCDD in the plasma, with 25% of measurements being under the detection limits in their subjects exposed to background levels of dioxins. Thus, breast milk in the early postpartum period might be a better sample with which to measure dioxin isomers expected to be at low concentration, such as TCDD, in subjects exposed to dioxins in the environment.
Levels of PCDDs and PCDFs in human breast milk, including individual congeners among the present subjects in Toyama, were comparatively higher than the geometrical mean of milk samples collected in various areas of Japan in a similar period (Uehara et al., 2006) . Predominant congeners in this study were in a decreasing order, OCDD, 1, 2, 3, 6, 7, 2, 3, 4, 7, 1, 2, 3, 4, 6, 7, 2, 3, 7, , and similar to those in the reports in Tokyo (Tajimi et al., 2005) and Osaka (Nakatani et al., 2005) . Moreover, geometrical mean of 2,3,7,8-TCDD in the present study was 0.494 pg/g fat, but its arithmetic mean was 1.22 pg/g fat, suggesting similar levels in the general residents in urban cities, Tokyo (Tajimi et al., 2005) , and Osaka (Nakatani et al., 2005) who were mainly contaminated by food, because of congeners pattern.
Fish is believed to be a major source of exposure to dioxins as well as PCBs, and populations with high intake of fish and fish products, such as the Japanese, are at high risk of exposure to these chemicals. However, we were unable to detect any relationship between fish intake in a nutritional survey and PCDDs/PCDFs levels among the present subjects. On the other hand, fish oil contains plenty of n-3 multivalent unsaturated fat, which is suggested to assist in neurodevelopment after birth. Moreover, breast feeding itself was shown to benefit the development of cognitive ability in 18-month-old Dutch children, while there was no effect of dioxin exposure due to breast milk feeding on infant cognitive ability (Huisman et al., 1995) . These results suggest that fish intake and breast milk feeding should not be discouraged. In the same Dutch children cohort at school age, negative effects of prenatal PCBs on cognitive and motor development were observed only in children raised in a poor social environment (Vreugdenhil et al., 2002) , although effects of prenatal exposure on cognitive ability were observed in these children at 18 and 42 months of age (Huisman et al., 1995; Dioxin in breast milk and newborn head circumference Nishijo et al. et al., 1999) . A follow-up study using a larger cohort, to investigate cognitive and motor development with a survey of nutritional and social circumstances, is necessary to clarify the effects of TCDD on head size.
